Abstract: Traceless transition metal catalysis (Pd, Ni, Cu, etc.) is very difficult to achieve. Metal contamination in the synthesized products is unavoidable and the most important questions are: How to control metal impurities? What amount of metal impurities can be tolerated? What is the influence of metal impurities? In this brief review, the plausible origins of nanoparticle contamination are discussed in the framework of catalytic synthesis of organic electronic materials. Key factors responsible for increasing the probability of contamination are considered from the point of view of catalytic reaction mechanisms. The purity of the catalyst may greatly affect the molecular weight of a polymer, reaction yield, selectivity and several other parameters. Metal contamination in the final polymeric products may induce some changes in the electric conductivity, charge transport properties, photovoltaic performance and other important parameters.
Introduction
The development of electronics has had a paramount impact on our society and during the last century has continuously stimulated cutting edge research in various fields of science. Increasing practical demand upon producing smaller, cheaper and more sophisticated electronic devices create a unique driving force for the quick implementation of research and development findings in industry. Molecular level electronics is a rapidly emerging multidisciplinary field where outstanding progress been made in organic electronics [1] . Development of efficient catalytic procedures -especially Pd-Ni-and Cu-catalyzed cross-coupling, Heck reaction and C-H functionalization -opened an amazing possibility to assemble highly complex conjugated organic molecules on a routine basis using standard building units [2, 3] . Nowadays, the preparation of molecular complexity is evolving with unprecedented atomic precision [4, 5] . Transition metal catalysis has become a standard toolbox in the area of materials science and organic electronics [6] [7] [8] .
In this brief review, a critical feature of transitionmetal-mediated transformations is highlighted from the points of view of the efficient catalysis and contamination of synthesized materials with residual metal species [9] . Only the concept and few representative studies are considered whereas comprehensive literature analysis is out of the scope of this review.
Transition metal catalysis and contamination

Catalytic reactions with molecular complexes of transition metals
Cross-coupling, Heck reaction, atom-economic addition and C-H functionalization represent a universal synthetic methodology to create Carbon-Carbon and CarbonHeteroatom bonds using simple and accesible staring materials ( Figure 2 ). Typically, cross-coupling and Heck reactions proceed as substitution processes involving a number of well-established leaving groups. Another possibility is to utilize atom-economic addition reactions for making new Carbon-Carbon and Carbon-Heteroatom bonds (Figure 2) . Addition reactions are more environmentally benign and do not produce wastes. Recently, a very promising synthetic approach was proposed based on C-H functionalization. According to common mechanistic assumptions, these synthetic transformations are catalyzed by molecular complexes of transition metals [2, [10] [11] [12] [13] . The catalytic cycle typically starts with oxidative addition, which connects the first organic group R 1 to the metal center ( Figure 3 ). The second organic group binds to the metal center via a variety of possibilities with transmetalation as the frequent pathway for cross-coupling. Having both organic groups R 1 and R 2 bound to the metal, the final product is formed after a reductive elimination step. As a common assumption, molecular catalysis with a monometallic transition metal complex is considered (n = 1, Figure 3 ). In such a case, the catalytic transformation and synthesis of the product R 1 -R 2 occurs on the same metal center. Within this mechanistic framework, the transition metal complex LmMn contains specific ligands (i.e. phosphine ligands, N-heterocyclic carbene ligands, etc.) that can be optimized to achieve desired reactivity and tuned to furnish coupling between a desired combination of reagents. The presence of specific ligands bound to the metal center also simplifies catalyst separation after the synthetic transformation using well-known purification techniques (for example, chromatography, extraction, crystallization, etc.). For such catalytic transformations, the contamination of the products with metal complexes occurs rarely since the properties of LmMn complexes differ significantly from those of the product. The difference in the physical and chemical properties between metal/ligand complexes and products can be further increased to facilitate efficient separation and purification.
Evolution of catalytic systems during the reaction
Recent studies of catalytic reactions have surprisingly shown that catalytically active metal complexes do not remain unchanged during the synthetic transformation [14, 15] . Indeed, several transformations involving metal complexes do take place simultaneously with the catalytic reaction ( Figure 4 ) [14] . Of particular importance is the aggregation of metal complexes towards the formation of metal clusters and metal nanoparticles. Higher thermodynamic stability of larger metal particles and the energetically favorable formation of a bulk metal surface promote such catalyst transformation, especially if the decomposition of ligands (possibly, partial) takes place or if ligand-free catalysis is employed. Mechanistic studies have suggested that in Pdcatalyzed synthetic transformations, change in the catalyst and the formation of metal nanoparticles invariably take place. Even if the reaction begins with pure molecular complexes, nanoparticles are readily detected at the end of the reaction. Less experimental data are currently available on evolution of catalysts based on Ni, Cu and other metals, although there is some evidence on catalyst evolution in solution as well.
"Cocktail"-like nature of catalytic reactions
Catalyst evolution readily takes place in solution and gives rise to the formation of a complicated mixture of metal species. Several components of this mixture may exhibit catalytic activity and initiate the operation of the so-called "cocktail" of catalysts ( Figure 5 ) [14, 16] . For example, molecular complexes of palladium as well as palladium clusters and nanoparticles can be formed, and each of the components can make a contribution toward the conversion of reagents to products. A "cocktail" of catalysts refers to a multicomponent mixture of metal species that may undergo a variety of interconversions during the reaction ( Figure 5 ). Productive catalytic cycles may involve monometallic complexes (n = 1; Figure 3 ), metal clusters (n = few metal atoms; Figure 3 ) or metal nanoparticles (n = many metal atoms; Figure 3 ). High efficiency of transition metal catalysis with palladium complexes has been demonstrated even at parts per million (ppm) and parts per billion (ppb) levels of metal amounts [17] . From the synthetic point of view, the presence of metal clusters and nanoparticles impose significant difficulties in the separation procedure. Metal clusters and nanopar- ticles are known to leach metal atoms and to coordinate to heteroatoms and multiple bonds in the products. Such coordinated metal species may remain at the trace level even after the separation and purification procedure. Inside the polymeric matrix, metal species are shielded by the polymer environment and therefore become more difficult to wash out. Thus, incorporation into conjugated oligomeric and polymeric structures could produce persistent coordinated materials contaminated with residual metal species. The presence of metal impurities in organic electronic materials may cause significant degradation of device performance.
Catalyst decomposition and vendor-dependent purity of metal catalysts
Commercially available Pd complexes are typically used for carrying out synthetic transformations. Detailed analysis has revealed noticeable batch-to-batch variations in the quality of commercially available metal compounds. For example, the well-known Pd(0) precursor tris(dibenzylideneacetone)dipalladium(0) (Pd 2 dba 3 ) may contain up to 40% of Pd nanoparticles as contamination [18] . Freshly synthesized Pd 2 dba 3 demonstrated a high purity of 99%, while commercial samples were found to vary in purity in the range of 64-92% [18] . The presence of nanoparticles was clearly confirmed by a number of experimental techniques, including direct visualization with electron microscopy ( Figure 6 ). Of course, such varying composition of the catalysts makes it difficult to carry out stable and reproducible synthetic procedures [18] . Nanoparticle contamination and the effect of residual metal have been discussed for a variety of catalytic transformations and metal salts used [19] [20] [21] [22] [23] . Indeed, structural variations induced by trace metal impurities lead to several difficulties and to irreproducible optoelectronic function [24] . Experimental evidence suggests the possible strong effect of the residual Pd catalyst impurities on the transport properties of charge carriers connected to a different concentration of trap states [25] . Increasing the relative concentration of residual Pd to 2570 ppm resulted in a drop of the power conversion of the PCDTBT:PC 70 BM photovoltaic device from 4.55% to 2.42% [26] . The observed de- crease in efficiency was associated with the presence of aggregates of Pd-containing nanoparticles and the corresponding current shunts in the device [26] . Purification of semiconducting polymers by Soxhlet extraction and metal complexation has resulted in the increased performance of organic photovoltaics and organic field effect transistors [27] . Polymer purification by Soxhlet extractions and metal scavenging agents was shown to increase the average powerconversion efficiency from 2.3 to 4.8% [28] .
Handling Pd(0) complexes under argon atmosphere at -20 ∘ C was employed in the synthesis of thiophenecontaining polymer P(T-DPP) and poly(thienothiophenealt-diketopyrrolopyrrole) P(TT-DPP) using Stille crosscoupling polymerization to avoid the decomposition of the catalyst and to prevent possible side-effects on the molecular weight and the appearance of homo-coupled fragments along the backbones [29] . Reduced amounts of palladium contaminants and the higher molecular weight of the polymer are important factors for the long-term stability of organic photovoltaic devices [30] . The utilization of highly pure monomers and a carefully purified Pd catalyst were found as important factors to control the molecular weight of the benzodithiophene (BnDT) and fluorinated benzotriazole (FTAZ) copolymers [31, 32] . Indeed, the optimal molecular weight of the polymer is an important parameter to achieve high performance in organic photovoltaic applications.
Nanoparticle contamination of a catalyst may easily initiate "cocktail"-like systems ( Figure 5 ). The availability of a variety of metal species during the synthesis of organic semiconductors, especially during the synthesis of conju-gated polymers, greatly increases the chances of the metal contamination of the final products.
Taking into account the ubiquitous occurrence of catalyst evolution processes (Figure 4) , traceless transition metal catalysis is very difficult to achieve. In such a case, metal contamination in the product is unavoidable. An important issue is to establish the tolerance limit of the allowed amount of metal traces in the synthesized product. In the strictly regulated area of pharmaceutical substances, the allowed amount of residual Pd in the products is around 1 -10 ppm [33] . Mostly acceptable values of 10 -100 ppm are utilized in many other synthetic applications and can also be suggested in organic electronics. As a representative example, the preparation of highly pure semiconducting polymers with a Pd content of only 34 ppm has been described [34] .
In general, inductively coupled plasma-mass spectrometry (ICP-MS) is a standard analytic tool for measuring trace metal impurities in organic samples. For example, ICP-MS measurements have shown an increase of the residual Pd content in the range of 0.04-1.88 % upon changing the catalyst/monomer ratio [23] . Several other analytic tools, such as inductively coupled plasmaoptical emission spectroscopy (ICP-OES), ion chromatography (IC), atomic absorption (AA) and X-ray fluorescence (XRF), can also be used. A demanding analytic approach was also developed to detect trace concentrations of metal impurities in organic solar cells using synchrotron-based X-ray fluorescence [24] .
Environmental concerns, catalyst recycling and cost-eflciency
Transition metal complexes, clusters and nanoparticles exhibit significant biological activity. Therefore, environmental concerns in the catalytic synthesis procedures play a very important role [35] . Catalyst recycling and waste management should be carefully planned if application scale production is expected. Optimization for a minimal amount of highly efficient catalyst, recycling/re-use of the catalyst and avoidance of toxic reagents are general Green chemistry requirements. Undoubtedly, the application of these requirements and the development of Green and biodegradable electronics from sustainable sources will make a significant impact in the near future [36, 37] . Catalyst recycling and re-use for the next synthetic procedure is a valuable direction of research in the synthesis of organic molecules [2, 4] . Catalyst recycling in the synthesis of organic electronics is challenging area, the exploration of which has only recently begun.
Two-fold recyclability was demonstrated in a pioneering study using a heterogeneous Pd catalyst in the synthesis of thiophene-phthalimide-based molecular semiconductors [38] . The studied heterogeneous catalyst outperformed typical homogeneous catalysts, Pd(PPh 3 ) 4 and Pd(PPh 3 ) 2 Cl 2 , in Stille cross-coupling and demonstrated good performance in Suzuki reaction and direct heteroarylation.
A heterogeneous Pd/C catalyst was utilized in the synthesis of thiophene building blocks for organic electronics [39] and for the preparation of highly pure semiconducting polymers [34] . It was found that the supported Pd/C catalyst gives better selectivity and efficiency in the synthesis of desired products in comparison to common Pd catalysts.
It should be emphasized that catalyst recycling and re-use are important not only for environmental concerns, but also for improving cost-efficiency. The kilogram-scale and ton-scale production of organic semiconducting materials with single use of highly expensive catalysts will soon become a stumbling block in this area. Heterogeneous catalysis has a promising and unexplored potential for the synthesis of organic electronic materials, where several achievements should be anticipated soon.
Conclusions
In the present brief review, possible origins of nanoparticle contamination of catalysts, evolution of catalytic systems and their influence on the quality of organic semiconducting polymers were briefly discussed. The following important points should be emphasized:
1) The contamination of homogeneous metal catalysts with nanoparticles, the decomposition of metal catalysts leading to formation of nanoparticles and the leaching of metal species from heterogeneous catalysts are factors that are very often overlooked in synthetic procedures. However, these factors play a crucial role in achieving high performance in catalytic reactions. The reaction yield, molecular weight of a polymer, selectivity, homocoupling/heterocoupling ratio and several other parameters strongly depend on the purity of the catalyst.
2) The metal contamination of final polymeric products increases significantly in the presence of metal clusters, nanoparticles and ligand-free metal species in solution. "Cocktail"-like systems will most likely initiate partial incorporation of the metal species into the final products. In spite of the small amount of the metal, such contamination may noticeably affect several parameters, such as electric conductivity, charge transport properties, photovoltaic performance, breakdown voltages, short circuits, etc.
3) Random variations in the purity of commercial catalysts, as well as high sensitivity of metal complexes towards decomposition to nanoparticles, can affect the reproducibility of experiments in the synthesis of organic electronic materials (variable purity of catalysts) and in the fabrication of devices (nanoparticle contamination of products).
Checking and purification of metal complexes prior to catalytic applications is an important requirement. An example of the analysis of nanoparticle content and the synthesis/purification of a palladium catalyst has been reported for Pd 2 dba 3 [18] .
Finally, an interesting question concerns the plausible pathways of the incorporation of metal contaminants into the polymeric structures ( Figure 7) . Rich coordination chemistry of transition metal centers (Pd, Ni, Cu, etc.) may undoubtedly offer several possibilities, some of which deserve a particular mention ( Figure 7A ). Transition metals readily coordinate to multiple bonds with π-electrons and to heteroatoms. The high affinity of metal centers to sulfur and other heteroatoms is well-known in isolated molecular complexes as well as in polymeric structures [40] . The formation of coordination complexes and the cross-linking of different molecules is also an expected feature of transition metal complexes ( Figure 7B ).
Even if the overall metal content is rather low, metal contamination can still initiate noticeable changes in properties due to the conjugated nature of the material. Metal removal is clearly required to obtain a pure material for organic photonics and photovoltaics.
On the other hand, one should not only focus on the negative consequences of metal contamination. A positive factor may appear if one will be able to control the amount and binding motif of metal species in the polymer. The rational doping of polymers with transition metals can be a very efficient tool in order to optimize the properties of advanced materials for organic electronics.
It should be pointed out that some of the discussion presented and conclusions outlined in this brief review are based on common properties of catalytic systems studied for regular organic reactions. Detailed mechanistic studies dealing with the synthesis of specific organic electronic materials are rare and should be anticipated in the nearest future [9] .
